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significant change of Cx43 phosphorylation in the presence ofHexamethylene bisacetamide protects peritoneal mesothelial
these inhibitors.cells from glucose.
Conclusions. High glucose down-regulates GJIC in humanBackground. Peritoneal dialysis causes damage to perito-
peritoneal mesothelial cells. It also decreases the levels of bothneal mesothelial cells primarily because dialysis fluids have a
Cx43 mRNA and Cx43 protein, with the latter becoming hypo-high glucose concentration. This study examined the abnormal-
phosphorylated. HMBA appears to reverse all of these changes.ities of gap junctional intercellular communication (GJIC) in
These results are consistent with our hypothesis that HMBAhuman peritoneal mesothelial cells (HPMCs) exposed to rela-
protects HPMCs from the adverse effects of high glucose bytively high levels of glucose. Also, ability of hexamethylene bis-
reversing various processes that would otherwise lead to harm-acetamide (HMBA) to up-regulate GJIC in HPMCs exposed
ful loss of GJIC.to high levels of glucose was measured.
Methods. An assay that monitors the recovery of fluorescence
after photobleaching was used to measure GJIC in primary
cultured HPMCs. The cells were exposed to a low (10 mmol/L) Peritoneal dialysis is a popular alternative to hemodialy-or high (50 or 90 mmol/L) glucose level for a total of six days,
sis. It employs the human peritoneum as a living dialysisand some cells were also incubated with or without HMBA (1
membrane, the permeability of which can be modified byor 6 mmol/L) from day 4. The effects of incubation in these
various environments on expression of the connexin 43 (Cx43) various biological and physical factors [1–3]. Peritoneal
gene were investigated by the reverse transcription-polymerase mesothelial cells are thought to have a vital role in main-
chain reaction (to detect Cx43 mRNA) or by immunofluores- taining the integrity of the peritoneum, and intercellularcence and Western blotting (to detect Cx43 protein). To evalu-
adhesive interactions also contribute to peritoneal struc-ate the influence of protein kinase C (PKC) or mitogen-acti-
tural integrity [3–5]. However, prolonged exposure to dial-vated protein kinase (MAPK) on GJIC, specific inhibitors were
added to cultures in a high glucose medium. ysis fluid may damage peritoneal mesothelial cells [2,
Results. Gap junctional intercellular communication was in- 6–10]. Not only the direct toxic effects of dialysis fluid
hibited in a concentration- and time-dependent manner when (related to factors such as a low pH, a high glucose concen-cells were exposed to high glucose. The addition of 6 mmol/L
tration, and hyperosmolarity), but also indirect effects re-HMBA to cultures significantly enhanced GJIC despite the
lated to disturbance of intercellular humoral interactionspresence of a high glucose concentration. High glucose also
down-regulated Cx43 mRNA and protein expression, with the within the peritoneal cavity, may injure the peritoneum
dose-dependent decrease of Cx43 protein at gap junctions par- [7, 8, 11, 12] and lead to the loss of peritoneal mesothelial
alleled by a decrease in the phosphorylation of this protein. cells [2, 6]. It has been shown that creating a wound inAs expected, treatment of cells with 6 mmol/L HMBA in-
the peritoneum induces the migration and proliferationcreased both Cx43 mRNA and protein levels despite exposure
of mesothelial cells into the damaged area [13]. Intercel-to high glucose. The addition of PKC or MAPK inhibitors to
high glucose cultures did not restore GJIC, and there was no lular communication may be important in this process,
just as it is for other kinds of cells [14]. Sammak et al
have suggested that gap junction-mediated diffusion ofKey words: gap junctional intracellular communication, connexin 43,
intracellular messengers between injured cells and nor-protein kinase inhibitors, dialysate, renoprotection, intracellular mes-
sengers, cell signaling. mal cells may be responsible for the promotion of wound
healing [15]. Although little is known about whetherReceived for publication May 26, 2000
the loss of gap junctional intercellular communicationand in revised form March 19, 2001
Accepted for publication April 2, 2001 (GJIC) is likely to have specific adverse effects on perito-
neal mesothelial cells, numerous reports show that alter- 2001 by the International Society of Nephrology
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ation of GJIC is associated with human disease [reviewed regulation of GJIC [23, 24, 31–33], it is clearly important
to determine whether high glucose interferes with GJICin 16]. Therefore, it seems important to study the effects
of peritoneal dialysis fluids on GJIC in peritoneal meso- in HPMCs via its ability to activate one or more of the
previously mentioned kinase pathways.thelial cells, as suggested by Nagy [3].
Gap junctions are clusters of transmembrane channels The present study addressed the following issues. First,
does glucose inhibit GJIC in human peritoneal mesothe-composed of proteins called connexins that permit the
direct exchange of second messengers between adjacent lial cells? Second, if it does inhibit GJIC, what is the
mechanism involved? Third, is an intracellular signalcells [17, 18]. This gap junctional exchange has been shown
to be an important method by which cells communicate transduction system involving PKC and/or MAPK in-
volved? Fourth, can HMBA restore GJIC in high glu-and regulate many of their vital functions, including re-
generation and proliferation [17]. Studies have been per- cose-inhibited human peritoneal mesothelial cells? To
investigate these points, we examined GJIC in HPMCsformed to assess the effect of various stimuli on GJIC, and
many chemicals have been shown to inhibit this process cultured with various concentrations of glucose and/or
HMBA and a range of putative enzyme inhibitors.[19–21], while others appear to up-regulate it [22].
Recent studies on diabetic vasculopathy have shown
that high glucose levels reduce gap junction permeability
METHODS
in cultured vascular endothelial cells and smooth muscle
Isolation and culture of human peritonealcells [23, 24]. Inhibition of GJIC may lead to dysregula-
mesothelial cellstion of cell regeneration and proliferation [16]. In the
case of human peritoneal mesothelial cells (HPMCs), Human peritoneal mesothelial cells were harvested
from the omental tissues of five consenting patients whohowever, the relationship between glucose and GJIC
remains largely unknown. Some reports have suggested underwent elective abdominal surgery. As described pre-
viously [28, 34], the cells were isolated and cultured inthat relatively low glucose concentrations corresponding
to the level of hyperglycemia commonly seen in diabetic basal medium, which was Ham’s F-12 medium (10 mmol/L
glucose; GIBCO BRL, Grand Island, NY, USA) supple-patients may be enough to produce cellular injury [25, 26]
and that higher glucose concentrations may be capable mented with penicillin (100 U/mL; GIBCO BRL), strepto-
mycin (100g/mL; GIBCO BRL), l-glutamine (2 mmol/L;of causing marked impairment of mesothelial cell prolif-
eration [27]. To begin to understand the effects of glucose GIBCO BRL), and 10% fetal calf serum (FCS; Intergen
Co., Purchase, NY, USA). All experiments were done us-on GJIC—which may influence its role in the mainte-
nance of peritoneal homeostasis and in certain cellular ing cells from primary cultures or from the second passage.
repair mechanisms—much more information about the
Experimental designeffects of the very high glucose concentrations found in
peritoneal dialysis fluid on GJIC in HPMCs is required. Cells were seeded at a density of 1.0 104/cm2 in basal
medium. After confluence was reached, the medium wasWe recently reported that HPMCs cultured in the
presence of a low (10 mmol/L) glucose concentration removed, and new conditioning medium containing glu-
cose and/or HMBA (Sigma Chemical Co., St Louis, MO,show active GJIC, which seems to be mediated by con-
nexin 43 (Cx43), a primary gap junction protein that has USA) was added. Glucose concentrations in the medium
were selected to match the glucose levels in commerciallymore than one active phosphorylated form as well as a
single inactive unphosphorylated form [28]. That study available peritoneal dialysis fluids. The basal medium
was changed every three days, while the conditioningalso showed that hexamethylene bisacetamide (HMBA),
a hybrid polar compound known as a potent differentia- medium was changed daily to maintain the concentra-
tions of glucose and HMBA.tion inducer, can up-regulate GJIC in HPMCs, and that
this effect of HMBA is related to an increase in the Four experimental protocols were used. Protocol A
assessed the cytotoxicity of glucose and the changes ofactive form of Cx43 (through post-translational phos-
phorylation) as well as to an increase in Cx43 mRNA GJIC during culture of HPMCs with high glucose me-
dium. Basal medium was replaced by conditioning me-expression [28]. Therefore, HMBA may have the poten-
tial to exert a protective effect on the peritoneum by dium with a final glucose concentration of either 50 or
90 mmol/L, and culture was continued for six days, threesignificantly enhancing GJIC among mesothelial cells.
It also has been reported that high glucose levels can days, or one day, while control cells were cultured in
basal medium for six days. To assess the influence ofactivate cellular signaling processes involving protein ki-
nase C (PKC) and/or mitogen-activated protein kinase hyperosmolarity on GJIC, mannitol was used as a non-
metabolized osmotic agent. Basal medium (10 mmol/L(MAPK), including (and perhaps especially) extracellu-
lar signal-regulated kinase (ERK) in many kinds of cells glucose) plus 40 mmol/L mannitol was employed to cre-
ate an osmotic load equivalent to that of 50 mmol/L[29, 30]. Given that Cx43 is a PKC/MAPK substrate
and that phosphorylation of Cx43 can lead to down- glucose, while basal medium plus 80 mmol/L mannitol
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was employed to create an osmotic load equivalent to the present experiments, HPMCs were seeded at a den-
sity of 5.0  103 cells per well. After confluence was90 mmol/L glucose. Protocol B assessed the effects of
HMBA on GJIC under high-glucose conditions. The reached, the cells were exposed to conditioning medium.
WST-1 staining was done on day 6 in protocol A. Resultsincubation times and the concentrations of HMBA used
were based on the results of earlier studies [28, 35–38]. were expressed as the mean % absorbance  the SEM
relative to the value for cells cultured with 10 mmol/LWe previously found that incubation with 3 or 6 mmol/L
HMBA for three days and with 1 mmol/L HMBA for six glucose. To assess the toxicity of HMBA, it was added
to the basal medium at final concentrations of 1, 3, or 6days caused significant up-regulation of GJIC in HPMCs
[28]. Therefore, cells in the present study were incubated mmol/L, and WST-1 staining was done after three days.
for three days with 1 and 6 mmol/L HMBA. The former
Fluorescence recovery after photobleachingconcentration was not high enough to up-regulate GJIC,
assay for GJICbut the latter was sufficient to do so; the results were
compared with those obtained in the absence of HMBA. The procedure used was a modification of that origi-
nally employed for measurement of GJIC by the quanti-After incubation of HPMCs for three days with 10, 50,
or 90 mmol/L glucose, the medium was replaced with tative fluorescence recovery after photobleaching (FRAP)
assay [43]. Assays were performed using an ACAS Ul-HMBA-containing medium (0, 1, or 6 mmol/L), and
culture was continued for another three days. Protocol tima laser cytometer (Meridian Instruments, Inc., Okemos,
MI, USA). After selectively bleaching cells with a micro-C was used to assess the effects of high glucose on GJIC
after pretreatment with HMBA. After incubation of laser beam, the rate of transfer of 5, 6-carboxyfluorescein
diacetate (Molecular Probes, Inc., Eugene, OR, USA)HPMCs with 6 mmol/L HMBA for three days, the me-
dium was replaced with medium containing both HMBA from the adjacent labeled cell back into the bleached
cell was calculated. The recovery of fluorescence wasand glucose (10, 50, or 90 mmol/L), and culture was contin-
ued for another three days. In both protocol B and proto- examined after one minute, and the recovery rate was
calculated as %/min (%  the percentage of photo-col C, all analyses were done on day six of culture. Protocol
D was used to clarify the role of the PKC/MAPK cascade bleached fluorescence). The recovery rate was corrected
for the loss of fluorescence by unbleached control cells,in GJIC. Two protein kinase inhibitors and one activator
were used. Calphostin C (50 nmol/L; Calbiochem, La and then, results were expressed as the average percent-
age of recovery rate  SEM relative to that of controlJolla, CA, USA) was used as a specific inhibitor of PKC
[39]. PD98059 [2-amino-3-methoxyflavone] (20 mol/L; cells incubated with 10 mmol/L glucose.
Calbiochem), a specific inhibitor of MAPK/ERK kinase
Immunofluorescence microscopy(MEK), was used as a substitute for an ideal MAPK
inhibitor (which would be capable of blocking all MAPK Indirect immunofluorescence microscopy was per-
formed as described previously [28, 44]. After fixing andpathways) [30, 40]. 12-O tetradecanoylphorbol-13-acetate
(15 nmol/L; TPA; Sigma) is a potential activator of PKC washing, cells were incubated with a monoclonal mouse
antibody for Cx43 (diluted 1:2000; Chemicon Interna-and MAPK [29, 30]. To assess the effects of the protein
kinase inhibitors during prolonged high glucose treat- tional Inc., Temecula, CA, USA), followed by incubation
with a fluorescein isothiocyanate-conjugated secondaryment, HPMCs were incubated for three days with 10 or
90 mmol/L glucose, after which the medium was replaced anti-mouse antibody (diluted 1:200; Biosource, Cama-
rillo, CA, USA). The primary antibody was raised againstwith conditioning medium containing an inhibitor (or an
activator, where appropriate), and incubation was contin- a peptide corresponding to residues 252 to 270 of the
native sequence of Cx43 [45]. This antibody showed noued for another four hours (one hour for TPA). It should
be noted that the incubation time and the concentrations staining after preabsorption with the corresponding syn-
thetic polypeptide (data not shown). Specific stainingof inhibitors or the activator were all decided on the
basis of previous experimental findings [24, 30, 41]. was identified by comparison with negative controls that
were processed with normal mouse IgG and phosphate-
Cytotoxicity assay buffered saline (PBS). Immunofluorescence micrographs
were obtained using an epifluorescence microscopeTo assess the cytotoxicity of glucose and HMBA for
HPMCs, viable cells were detected by staining with a equipped for photography and Fujichrome film (Fujifilm,
Tokyo, Japan).tetrazolium salt, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1; Do-
Extraction of Cx43 protein and RNAjindo Laboratories, Kumamoto, Japan) [42]. In prelimi-
nary experiments, WST-1 staining of HPMCs (shown by Cells were grown in 10 cm dishes and were prepared
as described previously [28]. In brief, after six days ofthe absorbance at 450 nm) was found to increase linearly
with the number of viable cells from 1.0  103 to 1.0  incubation, the cells were washed three times with PBS.
TRIzol reagent (GIBCO BRL) was added to each dish,105 cells per well in a 96-well plate (data not shown). In
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and the lysates were stored in a freezer until use. RNA transcribed. The average control value was then arbi-
was obtained from the upper aqueous phase of the TRI- trarily set at one, and all readings were expressed relative
zol reagent extract and was dissolved in RNase-free wa- to this in arbitrary units. A negative control reaction mix-
ter, after which the RNA concentration was determined ture without cDNA and a control without reverse tran-
by spectrophotometry at 260 nm. The reverse transcrip- scription (RT) were included in all series of reactions.
tion-polymerase chain reaction (RT-PCR) was performed
Statistical analysisas described later in this article. The protein pellet ex-
tracted from the lower phenol-chloroform phase was Data were analyzed using Statview II software (Apple
washed with 99.5% ethanol, centrifuged, and air dried Macintosh Inc., Cupertino, CA, USA). The two-tailed,
for use in the following assays. unpaired t test was used to compare the glucose/HMBA
or glucose/protein kinase inhibitor cultures with controlWestern blotting
cultures, and differences were considered significant at
Proteins were dissolved in 0.2% sodium dodecyl sul- P  0.05. Results are expressed as the mean  SEM for
fate containing protease inhibitors and were sonicated experiments performed with HPMC isolated from five
as described previously [28]. Protein concentrations were
different omental specimens, unless otherwise stated.
determined using the DC protein assay (Bio-Rad Corp.,
Richmond, CA, USA) after diluting the samples 1:5 with
H2O. Twenty micrograms of protein per sample were RESULTS
dissolved in Laemmli sample buffer, separated on a Cytotoxicity of glucose and HMBA
12.5% polyacrylamide gel, and transferred to a polyvinil-
Phase-contrast micrographs of control mesothelialidene difluoride membrane (Bio-Rad). Cx43 was detected
cells revealed uniform monolayers of polygonal cells thatby incubation with an anti-Cx43 monoclonal antibody
clearly exhibited contact inhibition. Neither glucose (50(diluted 1:2000; Chemicon International Inc.), followed
or 90 mmol/L) nor equiosmolar mannitol induced sub-by incubation with a horseradish peroxidase-conjugated
stantial morphological changes in the cells, and theresecondary antibody (diluted 1:2000, Amersham Co., Ar-
was no evidence of severe cytotoxicity after incubationlington Heights, IL, USA) and an enhanced chemilumi-
for six days. Table 1 shows the results of the WST-1nescence detection reagent (Renaissance Western Blot
assay of cell viability. Irrespective of the incubation timeChemiluminescence Reagent; NEN Life Science Prod-
ucts, Inc., Boston, MA, USA). The intensity of the Cx43 and/or the glucose or mannitol concentration, there were
protein bands was normalized for that of -tubulin. The no significant changes of viability when compared with
average control value was assigned an arbitrary value of cells incubated in 10 mmol/L glucose for the same time.
one unit, and relative band intensities were standardized There was also no significant effect on viability when
to this arbitrary unit. cells were incubated with HMBA for three days (Table
2). To exclude any effect of FCS on GJIC, medium con-
Semiquantitative reverse transcription-polymerase taining 0.1% FCS instead of 10% FCS was also employed
chain reaction assay
in preliminary experiments, but there were no significant
Reverse transcription (RT) and the PCR were per- differences of GJIC between cells cultured in the basal
formed as described previously [28, 46]. The oligonucleo- medium and in this medium. However, culture of cells
tide primers used were a 5-Cx43 primer for exon one for more than four days with 0.1% FCS in the presence
(5-GCGTGAGGAAAGTACCAAAC-3) and a 3-Cx43 of high glucose led to a decrease in viability, as assessed
primer for exon two (5-CCTTCTTGAGTTCCAAC by the WST-1 assay (data not shown). Thus, the absence
GGG-3). PCR products were subjected to electrophore- of FCS might modify the absolute values obtained, but
sis on 8% acrylamide gel and were visualized by staining
not the nature of the changes in fluorescence recovery.
with ethidium bromide, after which the relative intensity
All subsequent experiments were performed using me-of each band was determined using image analysis soft-
dium containing 10% FCS.ware (NIH Image). To confirm the reproducibility of the
results, PCR and electrophoresis were repeated three GJIC after exposure to high glucose and HMBA
times for each sample. Simultaneous amplification of
Figure 1 shows two series of typical digitized imagescDNA for the housekeeping gene glyceraldehyde-3-phos-
obtained in the FRAP assay. After bleaching, sequentialphate dehydrogenase (GAPDH) always was done in the
scans were done to detect the recovery of fluorescencesame tubes (using the primers 5-CCACCCATGGCAA
in bleached cells (Fig. 1). Recovery of fluorescence afterATTCCATGGCA-3 and 5-TCTAGACGCCAGGTC
photobleaching was considerably less rapid when cellsAGGTCCACC-3), and all results were expressed as the
were cultured with 90 mmol/L glucose (Fig. 1B) than whenratio of Cx43 cDNA to GAPDH cDNA in order to
control for variations in the amount of RNA initially cells were cultured with 10 mmol/L glucose (Fig. 1A).
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Table 1. Toxicity of glucose and mannitol in the WST-1 assay
Incubation time days
Culture conditions 0 1 3 6
Glucose
10 mmol/L 100.07.1 100.07.1 100.07.6 100.06.5
50 mmol/L 88.85.2 93.85.8 116.32.4
90 mmol/L 111.48.0 87.05.3 98.73.6
10 mmol/L Glucose
	40 mmol/L Mannitol 81.08.2 99.55.8 107.612.7
	80 mmol/L Mannitol 87.46.0 96.41.9 101.013.8
Values are the mean  SEM of the % OD at 450 nm calculated relative to that of cells cultured with 10 mmol/L glucose (100%) for HPMCs isolated from five
different donors. The final glucose or mannitol concentrations in the culture medium are shown.
Table 2. Toxicity of HMBA in the WST-1 assay high (50 or 90 mmol/L; Fig. 2B). Incubation of HMBA-
pretreated cells with 50 or 90 mmol/L glucose for anHMBA mmol/L
additional three days caused the dye transfer rate to fall0 1 3 6
significantly below that observed after supplementary% OD at 450 nm 1002.9 101.511.0 92.630.4 94.94.4
incubation with 10 mmol/L glucose (Fig. 2C).
Values represent the mean SEM from five separate experiments performed
with HPMCs from five different donors. % OD was calculated relative to no
Effects of high glucose and HMBA onHMBA treatment (100%).
Cx43 immunofluorescence
The localization of Cx43 protein was examined by
indirect immunofluorescence cytochemistry. Figure 3In protocol A, glucose decreased the rate at which the
shows immunostaining of cells for Cx43 after six days ofdye was transferred to photobleached cells by GJIC in a
incubation in medium containing glucose with or withouttime- and concentration-dependent manner. Incubation
HMBA for the final three days (protocol B). The nega-with 50 mmol/L glucose for three and six days, as well
tive control, in which normal mouse IgG was substitutedas with 90 mmol/L glucose for one, three, and six days,
for the primary antibody, showed no staining. Controlalso caused a significant decrease in the rate of dye trans-
cells incubated with 10 mmol/L glucose showed severalfer by GJIC (Fig. 2A). At the same glucose concentra-
bright spots indicating Cx43 labeling at the points oftion, cells incubated for six days showed a lower rate of
intercellular contact. Cells cultured with 50 mmol/L glu-dye transfer than cells cultured for one or three days.
cose still displayed a few spots at the cell borders, butIn contrast, the dye transfer rate was not significantly
no labeling was seen after cells were cultured with 90decreased following incubation with 40 mmol/L manni-
mmol/L glucose. Incubation with HMBA led to an in-tol. Although 80 mmol/L mannitol decreased the dye
crease in the number and size of the labeled regions,transfer rate after three or six days of incubation, its
with the cells displaying linear or dotted labeling alongeffect was weaker than that of 90 mmol/L glucose (Fig.
the membrane. At the higher glucose concentration, en-2A). Incubation of glucose-treated cells with 6 mmol/L
hancement of labeling was observed with 6 mmol/LHMBA for three days caused the dye transfer rate to
HMBA but not with 1 mmol/L HMBA.increase significantly compared with that observed in the
absence of HMBA (Fig. 2B). Even 1 mmol/L HMBA
Effects of high glucose and HMBA on Cx43 proteincaused a dose-dependent increase of GJIC-mediated dye
Western blotting was used to determine whether GJICtransfer when the glucose concentration was low (10
activity was related to the total Cx43 protein level and/ormmol/L), whereas 6 mmol/L HMBA was necessary to
increase dye transfer when the glucose concentration was to the extent of Cx43 phosphorylation. Three forms of

Fig. 1. Fluorescence recovery after photobleaching (FRAP) assay. Typical digitized fluorescence images and plots of fluorescence recovery after
photobleaching are shown. After exposure to 10 (A) or 90 mmol/L (B) glucose for six days, cells were labeled with 5, 6-carboxyfluorescein diacetate.
Suitable fields of cells were identified using a 40 objective lens. These fields contained numerous cells that were in contact with each other, but
were not overconfluent. Each field was scanned to generate a digital image of fluorescence (A and B, prebleach). After the initial scan, selected cells
were photobleached (A and B, 0 minutes, numbers 1 to 9). Subsequently, three sequential scans were done at 30-second intervals to detect recovery
of fluorescence in the bleached cells (A and B, 1 minute, numbers 1 to 9). Images were digitally recorded for analysis. Several unbleached cells were
also monitored to provide control data (A and B, number 10). Typical plots of fluorescence recovery after photobleaching are shown (A and B,
% prebleach vs. time). A positive slope indicates the recovery of fluorescence. The percent recovery of fluorescence over time was determined
for each selected cell and the data were corrected for the background loss of fluorescence in one area (number 10). Original magnification 400.
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Cx43 immunoreactive protein (molecular wt 41,000 to
43,000) were observed in all samples, with a faster migrat-
ing band (P0) and two slower migrating bands that repre-
sented the two phosphorylated forms (Cx43P1 and
Cx43P2; Fig. 4A). Incubation with 50 or 90 mmol/L glu-
cose resulted in a significant decrease of total Cx43 (Fig.
4B). This was associated with a decrease of both P1 and
P2 (Fig. 4C), while there appeared to be no significant
change of the P0 level (data not shown). After incubation
with 6 mmol/L HMBA for three days, total Cx43 protein
was increased, as were both P1 and P2 when compared
with cells that had been incubated in the absence of
HMBA (Fig. 4 B, C).
Effects of high glucose and HMBA on Cx43 mRNA
The effect of glucose on Cx43 mRNA expression was
investigated by semiquantitative RT-PCR analysis. To
avoid an amplification plateau, the range of cycles over
which there is linear accumulation of PCR products must
be determined. We therefore carried out preliminary
experiments to determine the number of cycles that
achieved submaximal amplification of each of the genes
studied, and found that it was 23 cycles for both the
Cx43 gene and the housekeeping gene (GAPDH). A
typical gel is shown in Figure 5A. There was a significant
decrease of Cx43 mRNA intensity after six days of incu-
bation at the higher glucose concentrations (50 or 90
mmol/L) in the absence of HMBA, while the addition
of 6 mmol/L HMBA to cultures with 50 or 90 mmol/L
glucose led to significant up-regulation of Cx43 mRNA
after three days (Fig. 5B).
Effects of protein kinase inhibitors on high
glucose-induced changes of GJIC, as well as
expression and phosphorylation of Cx43
Two protein kinase inhibitors (calphostin C and
PD98059) and an activator (TPA) were used to deter-
taining glucose (10, 50, or 90 mmol/L) or with 10 mmol/L glucose plus
mannitol (40 or 80 mmol/L) to provide an equivalent osmotic load
(protocol A). Symbols are: 10 mmol/L glucose (), 50 mmol/L glucose
(), 90 mmol/L glucose (), 40 mmol/L mannitol (), and 80 mmol/L
mannitol (). (B) Effect of HMBA on gap junctional intercellular
communication (GJIC) in HPMCs exposed to high glucose. HPMCs
were incubated in medium containing 10, 50, or 90 mmol/L glucose for
six days, and HMBA (1 or 6 mmol/L) was added to some cultures for
the final three days (protocol B). (C) Influence of high glucose on the
dye transfer rate in HPMCs pretreated with HMBA. HPMCs were
incubated in medium containing 0 or 6 mmol/L HMBA for six days,
and glucose (50 or 90 mmol/L) was added to some cultures for the final
three days (protocol C). (A–C) The percentage of recovery rate was
calculated relative to that for cells incubated in medium containing 10
mmol/L glucose without HMBA (100%). Values are the mean  SEM
Fig. 2. Effect of glucose and hexamethylene bisacetamide (HMBA) of five separate experiments performed with HPMCs isolated from five
on the dye transfer rate in HPMCs assessed by the FRAP assay. (A) different donors (20 to 25 cells were evaluated in each experiment).
Time- and dose-dependence of the dye transfer rate in HPMC exposed NS, not significant; *P  0.05; **P  0.01 versus cells incubated with
to glucose and mannitol. HPMCs were incubated with medium con- 10 mmol/L glucose without HMBA, unless otherwise indicated.
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Fig. 3. Immunostaining of human peritoneal mesothelial cells (HPMCs) for connexin 43 (Cx43). HPMCs were incubated for six days in medium
containing 10, 50, or 90 mmol/L glucose with or without HMBA (1 or 6 mmol/L) for the final three days (protocol B). Cx43 was detected as green
spots by indirect immunofluorescence and cell nuclei were counterstained with propidium iodide. (a, d, and g) incubation with 10 mmol/L glucose.
(b, e, and h) With 50 mmol/L glucose. (c, f, and i) With 90 mmol/L glucose. (a–c) Without HMBA. (d–f) With 1 mmol/L HMBA. (g–i) With 6
mmol/L HMBA. Scale bar  50 m.
mine whether the modification of protein kinase activity thelial cells with high concentrations of glucose. The
reduction of GJIC that we observed was accompaniedhad any effect on GJIC and/or Cx43 phosphorylation
by transcriptional, translational, and post-translationalin our various assay systems. Neither calphostin C nor
down-regulation of Cx43 activity. The extent of GJICPD98059 appeared to restore GJIC activity in glucose-
in cells incubated with each concentration of glucoseinhibited HPMC, and the phosphorylation (P1 	 P2) of
appeared to be closely related to the amount and distri-Cx43 remained unchanged whether or not these inhibi-
bution of Cx43 protein that could be visualized by immu-tors were present when the cells were incubated under
nofluorescence or Western blotting. Pelin et al have re-high glucose conditions. TPA treatment for one hour
ported that Cx43 is the dominant gap junction proteinled to an almost complete disappearance of the ordinary
in primary human mesothelial cells, as we also found inCx43 bands (P0 and P1), while more slowly migrating
our previous study [28, 47]. Taken together, these resultsbands corresponding to hyperphosphorylated Cx43 pro-
suggest that Cx43 is the primary target when GJIC intein became apparent (Fig. 6 B, C). These changes were
HPMCs is inhibited by glucose.accompanied by a prominent reduction of the dye trans-
Other factors may be involved in the inhibition offer rate (Fig. 6A).
GJIC by high glucose. However, it seems unlikely that
direct toxicity of glucose is responsible for the decline
DISCUSSION of GJIC because no significant reduction of viability was
To our knowledge, this is the first study to show that detected after HPMCs were incubated with high glucose
for six days, although the dye transfer rate decreased inGJIC is decreased by incubating human peritoneal meso-
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Fig. 5. Effect of HMBA on Cx43 mRNA expression at various glucose
levels. (A) Cx43 mRNA was identified by RT-PCR. An equal volume
of mRNA (5 L) was loaded onto each lane. This is a typical gel
showing the Cx43 band (506 bp) and the GAPDH band (933 bp) used
as the internal control. (B) Analysis of the change in Cx43 mRNA
expression caused by incubation with 6 mmol/L HMBA at various
glucose levels. Symbols are: () 10 mmol/L glucose; ( ) 50 mmol/L
glucose; ( ) 90 mmol/L glucose. The control value was arbitrarily set
at one. Values are the mean  SEM of five separate experiments
performed with HPMCs isolated from five different donors. *P  0.05;
**P  0.01 versus incubation in 10 mmol/L glucose without HMBA,
unless otherwise indicated.
a time-dependent fashion during incubation. Inoguchi et
al reported that high glucose induces elevation of the
diacylglycerol level in vascular tissues, with subsequent
down-regulation of GJIC occurring after incubation for
three days [48]. The time-dependent and delayed reduc-
tion of GJIC in HPMCs suggests that a series of meta-
Fig. 4. Effect of HMBA on Cx43 protein expression at various glucose bolic reactions activated by high glucose may be in-
levels. (A) Identification of Cx43 protein by Western blotting. Whole cell
volved. On the other hand, it was considered importantextracts (20 g) were probed with an antibody for Cx43 as described in
the Methods section. This is a typical membrane showing three Cx43 to exclude the possibility that the effects we observed
protein bands and the -tubulin band (internal control). (B) The relative were simply due to an increase of the osmotic load, sinceintensity of total Cx43 protein. (C) Assessment of P1 	 P2. The control
a high glucose concentration leads to an increased trans-value was arbitrarily set at one. Symbols in panels B and C are: () 10
mmol/L glucose; ( ) 50 mmol/L glucose; ( ) 90 mmol/L glucose. Results membrane osmotic gradient. It has been reported that
are the mean SEM of five separate experiments performed with HPMCs
other non-metabolized osmotic solutes, especially man-isolated from five different donors. *P 0.05; **P 0.01 versus incuba-
tion in 10 mmol/L glucose without HMBA, unless otherwise indicated. nitol, cause dose-dependent suppression of the growth
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of mesothelial cells [27]. However, we found that the
effect of equimolar mannitol on dye transfer was weaker
than that of glucose, thereby indicating that the osmotic
load associated with high glucose is not likely to be a
major reason for the decline of GJIC.
To our knowledge, this is the first study to show that
incubation with high glucose causes a decrease of GJIC
through hypophosphorylation of Cx43. Our results are
different from those of previous studies performed on
other kinds of cultured cells [23, 24, 32], which showed
that GJIC was disrupted by hyperphosphorylation of
Cx43 via PKC under high glucose conditions. As ex-
pected, incubation with TPA, which is another potential
activator of PKC, caused an immediate decrease of dye
transfer by GJIC that was accompanied by hyperphos-
phorylation of Cx43. However, the same kinds of hyper-
phosphorylated bands as those induced by the TPA treat-
ment were not seen after incubation with high glucose
for three days. Furthermore, there was no significant
improvement of dye transfer by GJIC after the addition
of calphostin C, a PKC inhibitor. Matesic et al reported
two possible modes of Cx43 phosphorylation after the
addition of two different promoters to cultured cells, one
(in which GJIC is inhibited through promotion of the
PKC) induced hyperphosphorylation of Cx43 and another
(that does not involve PKC) induced hypophosphoryla-
tion of Cx43 [49]. These findings suggest that PKC activa-
tion might not be the dominant mechanism modulating
GJIC in mesothelial cells.
In our study, high glucose reduced the phosphoryla-
tion of Cx43 protein after a longer incubation period of
up to six days, and this change was closely related with
the reduction of dye transfer by GJIC. In contrast, short-
term incubation with glucose for less than one hour did
not cause any detectable change of dye transfer (data
not shown). Nishikawa et al [50] and Gainer and Murray
[51] reported that PKC activity could be down-regulated
through prolonged exposure to TPA. Hayashi et al
showed that the pattern of Cx43 phosphorylation could
change over time in a rat liver epithelial cell line [44].
These findings suggest that our results derived from long-
term incubation with high glucose for several days may
have to be distinguished from the short-term effects seen
after a number of minutes.
Fig. 6. Effects of protein kinase inhibitors on high glucose-induced
changes of GJIC, as well as expression and phosphorylation of Cx43.
(A) Effect of calphostin C, PD98059 and TPA on GJIC in HPMCs
exposed to high glucose. HPMCs were incubated in medium containing
10 () or 90 ( ) mmol/L glucose for three days and one of the inhibitors
in the Methods section. This is a typical membrane showing Cx43or the activator (calphostin C: 50 nmol/L, PD98059: 20 mol/L and
TPA: 15 ng/mL) was added to some cultures for the final four hours protein bands and the-tubulin band (internal control). (C) Assessment
of P1 	 P2. The control value was arbitrarily set at one. Results are(one hour only for TPA, protocol D). The percent recovery rate was
calculated relative to that for cells incubated in medium containing 10 the mean  SEM of five separate experiments performed with HPMCs
isolated from five different donors; symbols are the same as in panelmmol/L glucose without drugs (100%). Values are the mean  SEM of
five separate experiments performed with HPMCs isolated from five A. (A and C) NS, not significant; **P  0.01 versus cells incubated
with 10 mmol/L glucose without drugs, unless otherwise indicated. Ab-different donors (20 to 25 cells were evaluated in each experiment).
(B) Identification of the Cx43 protein by Western blotting. Whole cell breviations are: () 90 mmol/L glucose without drugs; CC, calphostin
C; PD, PD98059.extracts (20 g) were probed with an antibody for Cx43 as described
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The MEK/ERK cascade is known as the classical thelial cell repair mechanisms that are damaged by peri-
MAPK cascade [29]. Cx43 is a MAPK substrate and phos- toneal dialysis. This study also showed that primary cul-
phorylation of Cx43 can lead to down-regulation of GJIC tured HPMCs may be useful for investigating the effects
[23, 24, 31–33]. In the present study, however, we could of high glucose dialysis fluids on GJIC in mesothelial
not find hyperphosphorylation of Cx43 under high glu- cells. An increased understanding of the mechanisms caus-
cose conditions. The effect of high glucose on phosphory- ing mesothelial cell damage may contribute to the devel-
lation of Cx43 could not be mimicked by the addition opment of new peritoneal dialysis fluids with significantly
of TPA, a MAPK activator. Furthermore, there was no better biocompatibility. Several safer analogues of HMBA
significant improvement of dye transfer by GJIC after (second-generation hybrid polar compounds) have al-
addition of PD98059, a MEK-inhibitor. We could find ready been investigated [37]. If any of these analogues
no evidence for a role of the MEK/ERK cascade in also can up-regulate GJIC, such drugs may be of some
down-regulating GJIC in HPMCs, at least during long- utility for the maintenance of communication between
term incubation with high-glucose medium. peritoneal mesothelial cells in vivo. Therefore, we are
The present study also showed that HMBA could up- planning to investigate the effectiveness of such com-
regulate GJIC in mesothelial cells exposed to both nor- pounds in the future.
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In a previous study, we also found that HMBA could APPENDIX
enhance GJIC in HPMCs [28]. We were unable to detect
Abbreviations used in this article are: Cx43, connexin 43; ERK,
any obvious effect of HMBA on cell cycle progression extracellular signal-regulated kinase; FCS, fetal calf serum; GJIC, gap
junctional intercellular communication; HMBA, hexamethylene bisaceta-in confluent mesothelial cells by flow cytometry (data
mide; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; HPMCs,not shown), although it has been reported that HMBA
human peritoneal mesothelial cells, MAPK, mitogen-activated proteinis able to suppress the proliferation of HPMCs [38] and kinase; MEK, MAPK/ERK kinase; PBS, phosphate buffered saline;
certain other kinds of cells [36, 37]. Given these observa- PKC, protein kinase C; RT-PCR, reverse transcription-polymerase chain
reaction; TPA, 12-O tetradecanoylphorbol-13-acetate; WST-1, 4-[3-(iodo-tions, it appears unlikely that the up-regulation of GJIC
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]1,3-benzene disulfonate.in mesothelial cells by HMBA is solely a function of
cell cycle-dependent processes. Although HMBA shows
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